The aim of this study was to determine whether the sequential application of povidone iodine-alcohol (PVI) followed by chlorhexidine gluconate-alcohol (CHG) would reduce surgical wound contamination to a greater extent than PVI applied twice in patients undergoing spinal surgery.
alcohol resulted in a lower incidence of catheter-related infections than disinfection with PVI-alcohol. 9 The use of PVI and CHG in combination has not, however, been examined extensively. Both are microbicidal, but via different mechanisms; the antimicrobial activity of CHG is related to its interaction with membranes, whereas iodine molecules released from PVI kill microbes by nonspecific nucleophilic attack. 10, 11 The combined use of aqueous preparations of PVI and CHG in an ex vivo porcine infection model has shown that the two disinfectants are compatible. 12 Clinical studies examining the effect of the sequential use of PVI and CHG on disinfection of the skin suggest that a combined use is more effective, in study of skin swabs in neurosurgical patients 13 and in colonisation of central venous catheters.
14 Neither study, however, investigated anaerobic culture, which is essential for the optimal isolation of P. acnes. 2, 7 The combined use of two antiseptics, each with different microbicidal action, may therefore enhance the efficacy of the antisepsis. In addition, if there is resistance to one antiseptic, the second antiseptic may still be effective.
We hypothesised that the sequential application of PVI (10% [w/w (1% w/w available iodine)] in 95% industrial denatured alcohol povidone iodine followed by CHG (2% [w/v] chlorhexidine gluconate in 70% [v/v] isopropyl alcohol) would be more effective in preventing contamination of surgical wounds than two applications of PVI. We monitored the efficacy of disinfection by total viable bacterial counts of intra-operative samples, including skin, muscle and wound, but not by assessment of SSI.
We also sought to determine if the contaminating bacteria were derived from the patient's skin. Bacteria isolated from the wound were identified by molecular analyses and compared with those isolated from the patient's skin prior to disinfection.
Patients and Methods
We undertook a single-centre, interventional, randomised controlled trial of patients attending for elective spinal surgery, recruited from two hospitals.
All patients undergoing elective spinal surgery were invited to participate. Exclusion criteria were: patients who were aged < 18 years; who had been in hospital for more than seven days prior to surgery; those who had been inpatients in another hospital and transferred for surgery, who were pregnant, who had a known sensitivity to the antiseptics and those who had taken antibiotics immediately prior to surgery, other than for surgical prophylaxis. Patients who were suspected as having a spinal infection preoperatively, or in whom there was evidence of purulence in any part of the wound during surgery, were excluded. Recruitment started on 10 May 2010 at Musgrave Park Hospital Belfast Health and Social Care Trust, Northern Ireland (BHSCTNI) and on 26 August 2011 at the Royal Victoria Hospital BHSCTNI The randomisation schedule was generated before the start of the trial by a statistician not involved in the trial or in assessing outcomes (Methods, Randomisation and Masking, supplementary material). The trial was necessarily open label to the patient and hospital staff as the antiseptics have different colours and formulation. The principal investigator and staff who analysed and recorded bacterial culture from samples were, however, masked to the treatment group.
In the control group, PVI (10% [w/w (1% w/w available iodine)] in 95% industrial denatured alcohol povidone iodine) (Videne Alcoholic Tincture, Ecolab Ltd, Leeds, United Kingdom) was applied twice. In the intervention group, PVI was applied once followed by application of CHG (2% [w/v] in 70% [v/v] isopropyl alcohol) (Chloraprep with tint, Enturia Ltd, Reigate, Surrey, United Kingdom). Each application of disinfectant was timed and lasted for a minimum of five minutes. The primary outcome was contamination of the wound as determined by aerobic and anaerobic bacterial counts. The main secondary outcome was to establish if there was a relationship between the bacteria contaminating the wound and bacteria on the skin of the patient.
Colonisation of the surface of the skin before disinfection was evaluated by wet-swabbing and post-disinfection wound contamination by removal of a skin sample, an erec tor spinal muscle biopsy of longissimus muscle sample  (approximately 2 mm   3 ) and a surgical wound wash, obtained by pouring 10 ml of sterile normal saline into the wound with aspiration after one minute (Methods, Surgical Procedures, supplementary material). Samples were transported from the operating theatre to the laboratory in an anaerobic pouch and processed under anaerobic conditions (supplementary material). Total viable counts (TVCs) were estimated after aerobic and anaerobic incubation for at least seven days. Samples of skin and muscle were recorded as positive for growth if more than one bacterial colony was seen on two or more of three agar plates. The wound wash was recorded as positive if five or more colonies were seen on either the aerobic or anaerobic plate. Where there was confluence and single colonies uncountable, a minimum count of 1000 was recorded. A surgical site was defined as contaminated (culture-positive) if growth was recorded in any one of skin, muscle or wound wash samples.
The surgical procedure, age, gender, antibiotic prophylaxis, surgical site shaving, timing of antiseptic applications and antibiotic administration were noted.
In patients with a contaminated surgical site, up to 12 colony forming units (CFUs) were archived for each sample for molecular identification by polymerase chain reaction (PCR) amplification and sequencing (supplementary material, Table  i ). A single reaction multiplex touchdown PCR assay was used for rapid identification of P. acnes. 15 Bacteria cultured from corresponding skin swabs were also analysed. A minimum of four and up to 53 isolates were identified to species level per patient. A total of 3938 bacterial isolates were identified from 141 culture-positive patients. Staphylococcus sp were also analysed for the methicillin resistance gene, mecA. 16 we hypothesised that disinfection with PVI followed by CHG would reduce this by 40% compared with disinfection with PVI used twice. On this basis, it was determined that 197 patients in each group would have 80% power to determine a statistically significant difference. This assumes a 5% significance level and a two-sided hypothesis.
An Independent Data Monitoring Committee (DMC) carried out a confidential interim analysis to determine if the study should stop before the projected target number of patients had been recruited, or if funding should be continued. Data up to April 2013 were analysed by the DMC on 22 May 2013 and it was recommended that the trial should continue to its target sample size.
Analysis of the primary outcome of the presence of viable bacteria in samples after disinfection was by two-sided Fisher's Exact Test, with calculation of risk estimates (Odds Ratio) and 95% confidence interval. Total viable counts (TVCs) were compared by two tailed t-test for equality of means. Analyses were carried out with IBM SPSS Statistics 22 (IBM Corp., Armonk, New York).
Results
Consecutive adult patients who were to undergo elective spinal surgery were enrolled between 23 May 2010 and 07 July 2014, and 204 were randomly assigned to skin disinfection with PVI used twice, and 204 disinfection with PVI followed by 2% CHG (Fig. 1) . One patient was not included in the analysis due to a failure of laboratory equipment. The baseline characteristics of the patients and their operations are shown in Table I related to the study protocol. There were no adverse skin reactions to either disinfectants. The number of patients with viable bacteria detected either aerobically or anaerobically in any one of the skin samples taken after disinfection was significantly lower in the group treated with both PVI and CHG than in the group treated with PVI alone (59, 29.1% versus 85, 41.7%, p = 0.009; Odds Ratio 0.574; 95% CI, 0.380 to 0.866) (Table II) . Thus, 30% fewer patients had a contaminated surgical site with sequential PVI and CHG disinfection compared with those disinfected with only PVI. As the number of bacteria internal to the surgical site will be relevant to the development of post-operative infection, particularly in relation to implant associated biofilm infection, internal samples of muscle and the wound wash were analysed separately from the skin sample data. The number of patients with internal contamination was significantly lower in the PVI and CHG group than in the group treated with PVI alone (Table II) . Sequential treatment with PVI and CHG therefore resulted in 37.1% fewer patients with bacteria internal to their wounds than treatment with PVI alone. There was also a significant reduction in aerobic and anaerobic growth with the use of both PVI and CHG treatment (Table II) . For both treatments, more patients were culture-positive for anaerobic growth compared with aerobic growth; 138 versus 65.
There was no significant difference between the groups in relation to the surgeon, the mean age and sex of the patients, whether the surgical site was shaved, the use of an Ioban drape (3M, Bracknell, United Kingdom), the length of the incision, the length of time of application of the antiseptic, the length of time between the administration of prophylactic antibiotics, and the incision or the type of antibiotic used. In order to determine if either treatment was more efficient at reducing the overall bacterial load contaminating the surgical sites, samples with higher TVCs, defined as wound wash ≥ 10 CFU ml -1 ; skin sample ≥ 1000 CFU g -1 and muscle sample ≥ CFU 100 g -1 were analysed. There was a statistically significant reduction in the number of culturepositive patients after the sequential PVI and CHG treatment, except for samples with a higher anaerobic growth, which was just non-significant (Table II) . The mean TVCs from the culture-positive samples with either aerobic or anaerobic growth were not statistically significantly different in the two groups (supplementary table iv). There were 45 patients (26 in the PVI group and 19 in the PVI/CHG group) with > 100 CFUs in the wound wash and 24 (14 in the PVI group and ten in the PVI/CHG group) with >1000 CFUs. Irrespective of treatment group, more patients had internal growth anaerobically than aerobically (Fig. 2) .
None of the patients developed a SSI. A total of ten patients developed a superficial wound infection, seven in the PVI group and three in the PVI/CHG group. Antibiotics had been prescribed in eight of these patients, only four (two from each group) had culture-positive surgical samples after disinfection (Table III) .
Representative individual bacterial CFUs, in total 3938 from 141 culture-positive patient samples, were identified to species level. The isolates belonged to the Staphylococcaceae, Propionibacteriaceae and Micrococcaceae (Table  IV) , except for a small number of patients from whom other species were isolated from either the skin swab or skin samples (supplementary table v).
S. aureus was isolated from a swab of the skin of one patient. MecA + Staphylococcus species were identified in 37 culture-positive patients. The isolation of facultative coagulase-negative Staphylococcus spp (CoNS), obligately anaerobic S. saccharolyticus, Micrococcaceae and P. acnes aerobically and anaerobically from individual samples were compared (Fig. 3) . There was no statistically significant difference between the two treatments in relation to distribution of the types of bacteria isolated.
Comparison was made with bacteria identified from the skin (the pre-disinfection skin swab or post-disinfection skin sample) and the internal samples of muscle and wound wash for each patient where culture data were available. The same species, or in the case of P. acnes, the specific phylogroup, were identified on or in the skin internal to the wound in 96 of the 101 patients with bacteria at this site, indicating that the bacteria from the skin were contaminating the surgical site. There was no significant difference between the mean estimated total viable numbers of bacteria on the surface of the skin prior to disinfection in the two groups; however, men (n = 195) had significantly higher mean skin surface TVCs than women (Fig. 4) . In total, 97 patients underwent a pre-surgery shave in theatre (90 men and seven women) (Table V) prior to the application of the first antiseptic (mean, 5 minute range < 1-19 minutes before); 50 in the PVI group and 47 in the PVI/CHG group.
Patients whose surgical site samples were culturepositive, irrespective of treatment, had significantly higher skin surface TVCs pre-disinfection (Table VI and Fig. 5 ). Culture-negative patients had a mean skin surface TVC of < 10 2 cm 2 . Culture-positive patients had mean skin surface aerobic TVC of > 10 2 cm -2 and > 10 3 cm -1 for anaerobic growth, indicating that those with a higher total viable surface skin count were more likely to have viable bacteria within the wound. There was no significant difference between the treatment groups and gender (104 men, 53·3% in the PVI group versus 91, 46·7% in the PVI/ CHG group; p = 0·234). However, there were significantly more culturepositive men than women in both groups (p < 0.001) (Fig. 6 ). This was reflected by a significant difference in the skin swab TVCs between men and women (Fig. 4) .
The foreheads of the two surgeons who carried out the operations were swabbed on three separate occasions. TVCs were carried out, the predominant bacteria identified and Staphylococcus spp screened for the mecA gene (Tables  VII and VIII) . Neither of the surgeons were colonised by mecA + Staphylococcus spp. However, mecA + Staphylococcus were identified in samples from two patients who had operations on days the surgeons were sampled.
Discussion
There have been many studies (e.g. reviewed in Dumville et al 2015) 17 of the efficacy of pre-surgery skin antisepsis in relation to subsequent SSI, in which different preparations of PVI and CHG have been compared. These have been limited, however, by the numbers of patients studied and the low incidence of SSI. 17 Our study was not designed to investigate SSI, but to determine levels of viable bacteria in the wound after disinfection. The advantage of this approach was that there was no subjective assessment of infection. The data show that the use of PVI followed by CHG reduces internal contamination of the wound, defined as bacterial culture from either a local muscle sample or wound wash, by 37.1%, compared with the use of PVI alone. Therefore, sequential use of PVI and CHG results in fewer patients with bacteria contaminating their wound. This reduction is important in the context of the potential increase of bacterial antimicrobial resistance to antibiotics used to provide surgical prophylaxis. In addition, the use of both antiseptics could potentially reduce biofilm infection of implanted devices, where bacteria contaminating the site colonise the implant. A limitation of our study is that we did not investigate the application of CHG twice. Comparison with other studies contrasting the efficacy of disinfection using PVI and CHG is difficult due to methodological variations and differences in the criteria used to assess the potential for wound contamination. For 18 investigated culture from only dry swabs before and after disinfection in shoulder surgery and compared treatment with aqueous PVI scrub and paint, an alcoholic iodophor preparation and alcoholic CHG. The methodology used in this study to culture from the swabs is unclear, although cultures were incubated both aerobically and anaerobically. They, however, reported a significant reduction in the isolation of CoNS with the use of the alcoholic preparations, but no significant reduction in the isolation of P. acnes. Langgartner et al 14 compared CHG (0.5%) alcohol, aqueous PVI (10%) and in combination, when inserting central venous catheters in 119 patients. Bacteria were cultured from 24.4% of the CHG alcohol treated group, 30.8% of the PVI treated group, and 4.7% of the CHG-propanol followed by PVI treated group, indicating increased effectiveness of the combined treatment. 
Fig. 3a
Graphs showing the frequency (%) of different types of bacteria isolated under aerobic and anaerobic conditions from skin swab (a,b), skin sample (c,d), muscle sample (e,f) and wound wash (g,h), as a proportion of the total isolates identified for each sample (a,c,e,g) and for each treatment (b,d,f,h) (CoNS, coagulase negative Staphylococcus spp, except for S. saccharolyticus; PVI, povidone iodine-alcohol; CHG, chlorhexidine gluconate alcohol). However, the PVI was an aqueous preparation and anaerobic culture was not investigated. Although we did not investigate whether the sequential use of alcoholic CHG and alcoholic PVI was more effective than alcoholic CHG used twice, our data clearly indicate an advantage over the use of alcoholic PVI alone. Substantial surgical site contamination with viable bacteria after disinfection also has implications for the diagnosis of infection reliant on cultures from intra-operative tissue samples. Guidelines for the intra-operative diagnosis of prosthetic joint infection (PJI) by culture recommends analysis of up to six separate tissue samples, with growth of the same organism from two or more samples. 19 Our data showed that 101 patients, 62 in the PVI group and 39 in the PVI/CHG group, had viable bacteria within the wound ranging from ten to > 1000 CFU. The mean length of the wounds was 7.7cm; larger wounds might result in greater contamination. A more reliable diagnosis of PJI might be obtained from the diluent wash of retrieved implants to remove contaminating bacteria and subsequent mild ultrasound treatment to dislodge bacterial biofilm followed by microscopic and culture examination. 20 Our data are also important in relation to determining if there is a link between lumbar disc degeneration and chronic infection by P. acnes 21 as clearly tissue removed from the surgical site can readily be contaminated by the patient's skin microbiota entering the wound. Distinguishing between contamination and infection needs to be addressed further.
Both treatments used in our study were less effective at reducing the contamination of the wound by anaerobic bacteria, which can relate to the higher numbers of these bacteria compared with aerobic bacteria before disinfection of the skin. P. acnes, which can cause implant-associated biofilm infections 2, 22 and pyogenic osteomyelitis in the absence of wear debris from the implanted material, 23 was the predominant species identified from anaerobic culture. The obligately anaerobic coagulase negative Staphylococcus saccharolyticus was also identified from anaerobic culture. There are few reports of this organism as a cause of infection, 24 which may relate to lack of investigation of Graphs showing a comparison of the aerobic and anaerobic total viable counts of the skin swabs for men and women (bar, mean. *, statistically significant by two-tailedt-test for equality of means, p = 0.05). 25 This is the first randomised controlled trial to compare the level of contamination of surgical wounds by bacteria after sequential disinfection of the skin by PVI and CHG with both aerobic and anaerobic culture, and the subsequent molecular identification of bacterial isolates.
Our data clearly indicate that the skin of the patient is the source of the contaminating bacteria, and not the operating surgeons. By molecular identification, bacterial species and types cultured from the patient's skin and from within the surgical site could be matched in 95% (95/101) of culturepositive patients. Bacteria cultured from the foreheads of the surgeons did not match bacteria from the surgical site of patients from the corresponding dates. MecA + CoNS were isolated from 25% of culture-positive patients, but not from the surgeons. The clear relationship between better disinfection, TVC and contamination of the wound provides further evidence for the skin of the patient as the source of contamination of the wound. The data also 26 Whether this is due to men having a higher bacterial load in and on their skin remains to be determined.
In conclusion, the pre-operative sequential use of PVI and CHG is likely to reduce the risk of post-operative biofilm-associated infections arising after operations involving implants, in relation to facultatively anaerobic coagulase negative Staphylococcus spp. Further improvement to disinfection protocols need to be investigated, however, for patients with high counts of P. acnes in the skin, given its role in the infection of implants. Even with the improved disinfection of PVI and CHG, 39 (19.2%) patients had viable bacteria within the surgical site. The diagnosis of implant-associated infection based on culture from intraoperative tissue sampling also needs to be re-addressed.
Take home message:
-Sequential skin disinfection with povidone iodine-alcohol followed by chlorhexidine gluconate alcohol is more effective at reducing bacterial surgical wound contamination than disinfection with povidone iodine alcohol twice. -Bacteria that contaminate surgical wounds derive from the patients' skin microbiota.
-Men are more likely to have bacterial surgical wound contamination than women.
Supplementary material
Further information regarding the methods and tables showing the types of surgery, prophylactic antibiotics administered, and bacterial total viable count data, are available alongside the online version of this article at www.bjj.boneandjoint.org.uk 
